. More recently, the methyl ammonium ion is being replaced with more stable counterions such as caesium cation due to increased thermal and structural stability 3, 4 . Perovskites have several advantageous properties, which contribute to their impressive performance, including:
high light absorption 5, 6 optimal due to its inefficient electron-blocking properties and limited chemical stability arising from its acidity and highly hygroscopic nature [13] [14] [15] . Replacing PEDOT:PSS with a more stable HTL is therefore a viable option to improve inverted perovskite devices. New hole transporting materials must be easily synthetically scalable, soluble in a variety of process compatible solvents and have excellent electron blocking and hole transporting properties, exhibiting at the same time high charge carrier mobilities.
In this case we report the application of two solution processed triarylamine based small molecule semiconductors easily synthesised from common starting materials. Triarylamines have been utilised extensively in organic light emitting diodes (OLEDs) 16, 17 organic field-effect transistors (OFETs) 18 and photovoltaics 19 due to their excellent transport properties, thermal and chemical stability but also their suitable highest occupied molecular orbital (HOMO) in relation to methylammonium lead iodide perovskite semiconductor valence band. Usually these triarylamines are used to flank a central core, with little through conjugation, which allows for tuning of the optoelectronic properties of the molecule by changing the substituents upon the arylamine. In this case we chose biphenyl and naphthalene as the central cores flanked by two N,N-bis(4-methoxyphenyl)aniline groups as shown in figure 1a, along with calculated density functional theory (DFT) measurements. Complete structural and thermal characterisation were performed using standard techniques including 1 H NMR, 13 C NMR and thermal gravimetric analysis and differential scanning calorimetry (TGA/DSC). Detailed synthetic methods and characterisation are included in the supporting information section. layer and the ITO electrode, where charge recombination can occur; inhibiting device performance.
The respective energy levels are schematically depicted in figure 1c . A cross-sectional scanning electron microscopy (SEM) image shows the fully optimized champion device employing NTPA as the hole transporting layer (HTL) in figure 1d . The p-type NTPA or BTPA and n-type PCBM transporting layers sandwich the CH 3 NH 3 PbI 3 perovskite absorbing layer. As shown in the SEM image, the HTL is of very low thickness, on the order of tens of nanometres, which was determined by scanning profilometry;
the layers in the cross-section have been post-imaging coloured to add increased layer contrast.
In order to determine charge carrier mobility for the NTPA and BTPA, hole-only devices were fabricated with structure ITO/HTL/MoOx/Ag, where the devices were tested under similar conditions to that of the optimised photovoltaic devices.
Hole mobilities were extracted using the modified Mott-Gurney equation below:
where J SCLC is the measured current density, ε 0 and ε r are defined as the vacuum permittivity and material dielectric constant respectively, L is the film thickness, μ the hole mobility, and β is the field activation parameter. A significant change in mobility was observed between as deposited and In order to further analyze the crystal size, X-ray diffraction measurements were performed on perovskite films coated on top of HTLs. Peaks at 14.27° and 28.58° 2θ-angles are associated with (110) and (220) This decrease is mainly attributed to fill factor reduction from 70.8% to 63.7% for NTPA and 73.3% to 66.5% for BTPA based perovskite devices. Hysteresis has been shown to be significantly influenced by time-dependant capacitive current 29 . Furthermore device stability was measured at maximum power point over 60 seconds ( Figure S2 ) and showed no degradation; indicating a stable perovskite layer, with the ability for continual charge extraction. Over 50 devices were fabricated and were statistically consistent to the champion devices with minimal variation as shown in Figure S3 . Figure S4 ). Devices were stored in a nitrogen glovebox and even after 30 days, device performance for both HTLs exhibited only a small reduction of less than 15%. This strongly suggests the suitability of these novel HTLs for more stable and long lasting perovskite devices.
In conclusion, high mobility HTM molecules, in the order of 10 -3 V/cm.s and strong electron blocking properties in molecular design have been shown to improve device performance over PEDOT:PSS, in an inverted perovskite structure. Power conversion efficiencies of 13.0% and 12.1%
were achieved for NTPA and BTPA respectively, which are easily solution processed at low temperatures with high stability, lifetime in excess of 500 hours and low material cost provide the potential for future scalable processes and application on the flexible substrates in large scale perovskite solar cells.
Supporting information: High Mobility, Hole Transport Materials for Highly Efficient PEDOT:PSS Replacement in Inverted Perovskite Solar Cells
Materials. All reagents from commercial sources were used without further purification. Solvents were dried and purified using standard techniques. Compounds were characterized by 1 H NMR (400MHz), 13 C NMR (101MHz) on a Bruker Avance III Ultrashield 600 Plus instrument and at room temperature. High-resolution mass spectrometry (HRMS) data was recorded using a Thermo Scientific -LTQ Velos Orbitrap MS in positive atmospheric pressure photoionisation (+APPI) mode. Thermogravimetric analysis (TGA) was performed using Bruker TGA-IR TG209F1 using 10 o C/min scanning rate. Differential Scanning Calorimetry (DSC) was performed on DSC-204F1 using 10 o C/min scanning rate. were dissolved in degassed toluene. 
Device fabrication
Patterned indium doped tin oxide (ITO) coated glass substrates (15 Ω cm -1 ) were cleaned in an ultrasonic bath with acetone and isopropanol consecutively. Subsequently these substrates were dried with pressurised pure N 2 gas and treated in UV-Ozone plasma for 20 min. HTMs (10 mg/mL in 1:1 chlorobenzene (CB):ortho-dichlorobenzene (o-DCB)) were spin coated between 1000 rpm and 5000 rpm for 30 seconds and annealed at temperatures between 80˚C and 160˚C for times ranging between 0 and 20 min.
A CH 3 NH 3 PbI 3 perovskite solution was made at a concentration of 620 mg/mL; synthesis was carried out by mixing 1:1 equimolar ratios of methyl-ammonium iodide (CH 3 NH 3 I) purchased from DyeSol and lead (II) iodide (PbI 2 ) purchased from Alfa Aesar, in γ-butyrolactone and dimethyl sulphoxide (DMSO) in 6:4 ratio at 60˚C, the solution was left to stir until fully dissolved. The perovskite layer was spin coated at 1000 rpm for 10 seconds followed by 4000 rpm for 40 seconds with CB addition to induce fast crystallisation. The substrate was subsequently left to dry in a N 2 environment for 1 hour before annealing at 80˚C for 10 minutes. After annealing deposition of the PC 70 BM ([6,6]-Phenyl-C71-butyric acid methyl ester) (16 mg/mL in CB) occurred, spin coating was carried out at spin speeds varying from 1200 rpm to 2250 rpm. Devices were further annealed for 2 minutes.
Subsequently 100nm of silver were thermally evaporated onto the substrates under 1x10 -6 Torr vacuum pressure. An active area of 10mm 2 was determined by a shadow mask under evaporation conditions. J/V device characterisation of the solar cells was preformed using a solar simulator with Xenon lamp (Oriel Instruments) calibrated to 100mW/cm 2 , AM1.5G, with KG-5 silicon reference cell in a N 2 environment with computerised Keithley 2400 SourceMeter. External quantum efficiency (EQE) was performed by illumination of the device with Xenon arc lamp; providing monochromatic light when in combination with a dual-grating monochromator. The incident photon number was calibrated using silicon photodiode by NIST across each wavelength.
Hysteresis
Figure S1: J/V characteristics of perovskite devices with NTPA and BTPA measured in both Reverse-Forward Bias (RB-FB) and Forward-Reverse (FB-RB). 
Device statistics

